Incubation of cultured fibroblasts with p-nitrophenyl /-D-xyloside resulted in a concentration-dependent increase in galactosaminoglycan synthesis. At low concentration of added xyloside large and small radiolabelled proteoglycans and xyloside-bound polysaccharides were recovered from the medium, whereas at high concentrations only xyloside-bound polysaccharides were found. In the cell layer proteoglycans and xyloside-bound polysaccharides were found at all concentrations tested. Only galactosaminoglycan chains were polymerized on the xyloside primer. At low concentrations of added xyloside the structure of the galactosaminoglycans formed on the xyloside was similar to that of the small dermatan sulphate proteoglycan, i.e. mainly composed of L-iduronic acid-containing 4-sulphated disaccharides. With increasing concentration of added xyloside the co-polymeric structure of the small dermatan sulphate proteoglycan and the xyloside-bound polysaccharide was changed to contain a larger proportion of D-glucuronosyl residues with only slight changes in the sulphation pattern. No structural change in the polysaccharide chains of the large glucuronic acid-rich proteoglycans occurred. At 1 mM-xyloside, where no proteoglycans were formed, the polysaccharide was shorter and composed mainly of D-glucuronosyl-containing disaccharides with a ratio of 4-sulphate to 6-sulphate substituents of 1:2. This is similar to the structure of the large glucuronic acid-rich proteoglycan synthesized by these cells. Thus the main difference induced by the xyloside treatment was changed polymer modification at high xyloside concentrations. The specific activities of the polymer-modifying enzymes, uronosyl C-5-epimerase and 4-sulphotransferase, were therefore measured and found to be decreased by 30-50 % in fibroblasts treated with high xyloside concentrations. It is suggested that the protein core is of importance for regulating the activity of the polymer-modifying enzymes.
INTRODUCTION
In cultures of human embryonic skin fibroblasts large and small dermatan sulphate proteoglycans (DSPG) are synthesized [1] . The large proteoglycan has a large core protein, Mr 220000, substituted with five to 30 glucuronic acid-rich dermatan sulphate chains [2] [3] [4] [5] . The core protein has been sequenced and shows large similarities to but not identity with the core protein of the large cartilage proteoglycan [5] . Two small proteoglycans, PGS1 and PGS2, both having a core protein of Mr 40000, have been demonstrated in fibrous tissues and cells thereof [1, 2, 6] . A 75 % degree of identity of the two core proteins has been shown [7, 8] . The two small proteoglycans have been demonstrated in several tissues in various proportions [6, 9] . PGS1 is substituted with two polysaccharide chains whereas PGS2 has one. One of these polysaccharide chains is located on a serine residue close to the N-terminus [6, 10] . The structure of the polysaccharide chains varies considerably between different tissues. In bone and tracheal cartilage the polysaccharide backbone contains only D-glucuronosyl residues [11, 12] , in articular cartilage 28 % of the uronosyl residues are L-uronosyl residues, and in sclera, skin and cervix 60-800% of the uronosyl residues are L-iduronosyl residues [1, 2, 6, 13] .
In the tissue the various types of proteoglycans have been ascribed different functions. The small iduronic acid-rich dermatan sulphate proteoglycan of the PGS2 type is found located in close contact with the collagen fibrils [14] and implicated to be of importance for fibril growth [15] . PGS1 does not appear to influence fibril formation [16] . The large glucuronic acid-rich dermatan sulphate proteoglycan is present in the interfibrillar space, where it forms large aggregates with hyaluronan, thereby keeping the fibrils apart and endowing the tissue with resilience [4, 9, 17, 18] . Their different functions are largely dependent on the physicochemical properties of their galactosaminoglycan (GAG) side chains, which have different amounts of iduronic acid. The factors responsible for the determination of the co-polymeric structure of the galactosaminoglycan chains are thus of importance for the properties of the tissue. It is not known what determines the iduronic acid content of a given proteoglycan. In short, the synthesis of galactosaminoglycans is accomplished by alternating addition of glucuronic acid and galactosamine from their respective UDPsugars on to a Gal-Gal-Xyl-core protein in the Golgi apparatus by the appropriate transferases. By action of the uronosyl C-5-epimerase some of the D-glucuronic acid moieties are converted into L-iduronic acid in the polymer [19, 20] . To were preincubated with 1 mM-p-nitrophenyl f-D-xyloside for various times followed by labelling with radioactive precursors. In these experiments 4 h of preincubation was followed by 4 h of labelling, 20 h of preincubation was followed by 4 h of labelling, or 24 h of preincubation was followed by 24 h of labelling. After incubation the medium was poured off and the cell layer was extracted twice with 4 M-guanidinium chloride/50 mM-sodium acetate buffer, pH 5.8, supplemented with 10 mM-Na2EDTA, 5 mM-N-ethylmaleimide and 1 mM-di-isopropyl phosphorofluoridate. The solutions were centrifuged at10000 g for 30 min to remove cell debris. The medium and cell extracts were then dialysed against 6M-urea/0.05M-sodium acetate buffer, pH 5.8, containing 10 mM-Na2EDTA and 5 mM-N-ethylmaleimide (buffer 1). The dialysed extracts were subjected to ion-exchange chromatography on columns (0.5 cm x 2.5 cm) of DEAE-cellulose (DE-52), which were eluted stepwise with 3 bed vol. respectively of buffer 1, 6M-urea/0.5M-sodium acetate buffer, pH 5 Analytical and degradative methods Polysaccharide side chains were isolated after papain digestion and ion-exchange chromatography [25] . Digestions of polysaccharides with chondroitin AC-II lyase and chondroitin ABC lyase were performed in 0.05 M-sodium acetate buffer, pH 6.0, and in 0.2 M-Tris/acetate buffer, pH 7.3, respectively - [25] . The amount of iduronic acid in the galactosaminoglycans was determined after chondroitin AC-II lyase treatment and separation on Sephadex G-50 [1] . The proportions of L-iduronosyl and D-glucuronosyl residues were calculated by using the formula described by Malmstr6m et al. [24] .
The amounts of 4-sulphated and 6-sulphated residues in the galactosaminoglycans were determined after simultaneous de- gradation with chondroitin AC-II lyase and chondroitin ABC lyase followed by separation of the degradation products on a Lichrosorb-NH2 column (4 mm x 250 mm) (Merck) connected to an h.p.l.c. system (LKB) [26, 27] . After digestion, 4 vol. of ethanol was added to the digest. After 4 h these were centrifuged for 10 min at 10000 rev./min in a Sigma 101 M centrifuge. The supernatants were evaporated to dryness in a Speed Vac Con- centrator (Savant). The residues were dissolved in the starting buffer and applied to the column.
Protein was determined by the method of Lowry et al. [28] , with BSA as standard.
Protein synthesis was determined after incubating cell cultures with p-nitrophenyl /J-D-xyloside (0, 5 or 1000 /uM) for 4 and 20 h respectively. The medium was changed to fresh medium containing xyloside and [3H]leucine (5 ,uCi/ml) and incubated for 4 h. The labelled protein material was recovered and quantified as described previously [29] .
Assay of polymer-modifying enzyme activity Substrate preparations. Chondroitin and dermatan were prepared as described previously [20] .
Enzyme preparations. Crude preparations of uronosyl C-5-epimerase and sulphotransferases were obtained from control and f-D-xyloside-treated human skin fibroblast cultures [30] .
Briefly, cells were detached from the substrate, then homogenized, and material sedimenting on centrifugation at10000 g was used as enzyme sources. were incubated for 20 min at 37 'C. The reactions were interrupted by transferring the mixture on to Whatman 3MM paper discs, which were immersed in isobutyric acid/0.5M-ammonia (5:3, v/v) [32] . The discs were then subjected to scintillation counting of radioactivity.
RESULTS

After 24 h of incorporation of [3H]glucosamine and
[35S]sulphate in the presence or in the absence ofp-nitrophenyl fi-D-xyloside, the labelled products were isolated by ion-exchange chromatography as outlined in the Experimental section. The sulphated products were isolated as a broad peak free from hyaluronan ( Fig. la) . At 12.5 ,#M-xyloside the main component was eluted at lower ionic strength than the proteoglycan material (Fig. lc) . At 6 ,tM-xyloside an intermediate pattern was obtained (Fig. lb) .
The proteoglycans and xyloside-bound polysaccharide formed were further separated by gel chromatography on Superose 6 (Fig. 2) . The , PH]Glucosamine;
[35S]sulphate; ----, concn. of NaCl. The second component was recevered. (Figs. 2b and 2c ). The final separation was achieved by density-gradient centrifugation, which was performed after the gel-chromatography step. Under the conditions used 95 % of PGS will be recovered at densities lower than 1.5 g/ml and the majority of free polysaccharide of normal chain length will be recovered at densities higher than 1.6 g/ml [33] . In fractions chromatographing asPGS on the Superose column (Fig. 2b) of xyloside-GAG and PGS were noted (Fig. 3a) . The material chromatographing as free chains contained mainly (>90%) xyloside-GAG (Fig. 3b) . In Table 1 Only galactosaminoglycans were formed on the xyloside primer. This was confirmed by the observation that no depolymerization was obtained by nitrous acid treatment (results not shown). The co-polymeric structure of the galactosaminoglycan chains of the large and the small proteoglycans and the polysaccharide formed on the fl-D-xyloside polymer was investigated by using chondroitin AC-IT lyase digestion followed by separation of the degradation products on Sephadex G-50. The resulting oligosaccharide pattern (Fig. 4) Fig. 3 . Density-gradient centrifugation of small proteoglycans and Xyl-GAG Proteoglycans and Xyl-GAG was prepared from a cell culture, which had been incubated with 6 /M-p-nitrophenyl /-D-xyloside, by using ion-exchange and gel chromatography. Two fractions, (a) PGS and (b) Xyl-GAG, were pooled as indicated in Fig. 2(b) and subjected to density-gradient centrifugation with a starting density of 1.54 g/ml as described in the Experimental section. Fractions corresponding to PGS and Xyl-GAG were pooled as indicated by the bars. Table 2 ). Few if any fragments of sizes larger than octasaccharides were found after chondroitin AC-II lyase digestion (Fig. 41) , thus excluding the possibility of significant amounts of chains containing high amounts of iduronic acid.
To study whether the observed effect on the co-polymeric structure changed with time, a subset ofexperiments was designed in which the effect of varying the time of preincubation with ,f-D-xyloside and the labelling periods (4 h preincubation/ 4 h labelling, 20 h preincubation/4 h labelling and 24 h preincubation/24 h labelling) was studied. A concentration of 1 Mfl-D-xyloside was chosen since the effect on the glucuronic acid content was most marked at this concentration (see above). The effect on the GAG synthesis was the same at all combinations tested, that is no proteoglycan was formed and the glucuronic acid content was high and similar to that of PGL. This was almost identical with the result obtained without preincubation.
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Proteoglycans and Xyl-GAG were prepared from the medium as indicated in the Experimental section. The amount ofD-glucuronosyl residues was calculated as 35S-labelled products after degradation with chondroitin AC-II lyase followed by gel chromatography as described in the Experimental section. Abbreviation: N.A., not analysed. Very similar data were obtained when 3H label of the oligosaccharides was used for calculation.
Concn. of Glucuronic acid content (%) The various components were isolated from the culture medium as described in the Experimental section. They were then subjected to degradation with chondroitin ABC lyase and chondroitin AC-II lyase followed by separation of the resulting disaccharides on a Lichrosorb column as described in the Experimental section.
Xyl-GAG 60 Xyl-GAG 1000
Xyl-GAG 3000
Xyl-GAG The sulphation of the galactosaminoglycans was determined by separation on a Lichrosorb-NH2 column after a combined chondroitin AC-II lyase and chondroitin ABC lyase digestion. With increasing xyloside concentrations the degree of 4-sulphation of the xyloside-GAG polymer decreased and non-and 6-sulphation increased ( Table 3 ). The xyloside-bound GAG synthesized at high xyloside concentration (3000 uM) had a relatively large proportion of non-sulphated disaccharides. of non-and 6-sulphated residues, which is rather like the content of PGS. The change in structure of the xyloside-bound polysaccharide and of the dermatan sulphate chains of the PGS proteoglycan with increasing xyloside concentration indicates that the addition of xyloside affects the modification process. Therefore the specific activities (activity/mg of cell protein) of uronosyl C-5-epimerase and sulphotransferases were studied in microsomal fractions from control cultures and cultures treated with p-nitrophenyl fl-D-xyloside with exogenously added substrates. No decrease in specific activity of C-5-epimerase was noted in cultures treated with a low concentration of xyloside, whereas on treatment with higher concentrations the specific activity decreased by 40-50 % ( Table 4 ). The sulphotransferase activity with chondroitin as substrate was only diminished in cultures treated with a very high xyloside concentration (3000 /zM), which may reflect a derangement of the glycosaminoglycan synthesis system. With dermatan as substrate, which accepts sulphate in position 4 of the Nacetylgalactosamine residue, a 40-50 % decrease in the specific activity after treatment of the culture with /8-D-xyloside concentrations of 60 /M and higher was noted. Thus xyloside addition resulted in a decrease in the specific activity of the enzymes that produce the co-polymeric structure of the small proteoglycans (PGS), especially that of the 4-sulphotransferase. In a control experiment, in which p-nitrophenyl fl-D-xyloside was added in corresponding amounts to control microsomal fractions, no effect on any of the polymer-modifying enzymes was recorded. Furthermore no effect on overall protein synthesis was seen in the presence of up to 1 mM-xyloside.
Microsomal fractions were prepared from untreated and xylosidetreated fibroblasts and assayed for uronosyl C-5-epimerase and sulphotransferase activities as described in the Experimental section. The activity of the sulphotransferase was determined with chondroitin, which accepts sulphate on C-4 and C-6, and dermatan, which accepts sulphate mainly on C-4 of the N-acetylgalactosamine moiety. The data are presented as percentages of control as several different preparations were used with different enzyme activity. 
DISCUSSION
Our results confirm earlier studies [21, 22] that addition of xyloside increases the net synthesis of glycosaminoglycan and inhibits the formation of proteoglycans. It is interesting to note that at all concentrations some proteoglycan material is still present in the cell layer, thus reflecting the necessity of these compounds for the integrity of the cell. The stimulation was restricted to an increased synthesis of galactosaminoglycans. The maximum increase was 4-5 times that of control. At high concentrations of xyloside a smaller stimulation was noted as well as formation of shorter chains, which indicates that the system is deranged. The enhancement of synthesis is probably an effect of the molar excess of the xyloside primer, which effectively competes with the core proteins for the galactosyltransferase.
No heparan sulphate was formed on the xyloside primer. This probably reflects the fact that the galactosyltransferases involved in the formation of the heparan sulphate linkage region have a much higher affinity for their natural substrate [34, 35] than those involved in the galactosaminoglycan synthesis. p-Nitrophenyl /6-D-xyloside can only serve as a primer for heparan sulphate when synthesis of its core protein is inhibited [36] . The decreased -secretion. of HSPG into the medium at high xyloside con-centrations probably reflects diminished synthesis due to depletion of its precursor pool, which is instead used for the increased synthesis of xyloside-GAG.
Not only the synthesis but also the structure of galactosaminoglycans formed both on the 8-D-xyloside and on the 43000-M, core of the small proteoglycans were affected by incubation in the presence of p-nitrophenyl 8-D-xyloside. In particular a decrease in the content of L-iduronic acid and 4-sulphated N-acetylgalactosamine residues was noted. At high xyloside concentration (1000 and 3000 tM), when only xyloside-GAG was produced, the proportion of D-glucuronic acid and 6-sulphate content was high and similar to that of ordinary PGL chains. A distinct increase in non-sulphated residues was also noted (Table 3) . At low xyloside concentration the structure of the glycosaminoglycans on the xyloside and PGS differed from those of ordinary PGL and PGS by having a glucuronic acid content higher than that of PGS but lower than PGL. However, the sulphation pattern of the xyloside-GAG at low xyloside concentrations was similar to that of ordinary PGS side chains (Table 3) . Different possibilities to achieve these differences can be envisaged. The synthesis of the various proteoglycans may occur in different compartments and the xyloside primer may be an initiator of polysaccharide chains in both the PGL and PGS compartments. The observed continuous change in structure, especially of the relative L-iduronic acid content, may be a result of different proportions of polysaccharides of the PGL-and PGS-type on the xyloside. This is, however, unlikely, since the computer-simulated chondroitin AC-IT lyase degradation pattern of a mixture of PGL and PGS chains was different from the actual pattern, which has more intermediate-sized L-iduronosylcontaining regions (Fig. 4c) . Furthermore the sulphation pattern (Table 3 ) was similar to that of PGS. It thus seems likely that the xyloside primer mainly initiates chains in the PGS compartment, since the iduronic acid content and the degree of 4-sulphation were high. The continuous decrease in L-iduronic acid and 4-sulphate content with increasing xyloside concentration may be achieved by a xyloside-induced decrease in the amount or activity of the polymer-modifying enzymes. A decrease in enzyme amount is unlikely, since no change in overall protein synthesis was found with increasing amounts of xyloside and the presence of xyloside did not produce a gradual change of glucuronic acid content with varied time of preincubation with xyloside. In control microsomal preparations the presence of xyloside did not change the measured enzyme activity of C-5-epimerase or 4-sulphotransferase. The enzyme activity must be modulated by some other mechanism. We propose that the PGS core protein, besides being important for sorting the growing proteoglycan to the right enzyme complex, may have a role as a modulator of the activity of these enzymes. The observed decrease in epimerase and in the 4-sulphotransferase activity would then be the result of a lack of stimulation due to a decrease in or absence of the PGS core protein in this region of the Golgi apparatus.
Further work has, however, to be performed before it can be decided if regulation of enzyme activity by the protein core is the major mechanism by which the co-polymeric structure of the proteoglycan polysaccharide chains is achieved.
